Cystic fibrosis is associated with pancreatic insufficiency and acidic intraluminal conditions that limit the action of pancreatic enzyme replacement therapy, especially that of lipase. Directed evolution combined with rational design was used in the aim of improving the performances of the human pancreatic lipase at acidic pH. We set up a method for screening thousands of lipase variants for activity at low pH. A single round of random mutagenesis yielded one lipase variant with an activity at acidic pH enhanced by ∼50% on medium-and long-chain triglycerides. Sequence analysis revealed two substitutions (E179G/N406S) located in specific regions, the hydrophobic groove accommodating the sn-1 chain of the triglyceride (E179G) and the surface loop that is likely to mediate lipase/colipase interaction in the presence of lipids (N406S). Interestingly, these two substitutions shifted the chain-length specificity of lipase toward medium-and long-chain triglycerides. Combination of those two mutations with a promising one at the entrance of the catalytic cavity (K80E) negatively affected the lipase activity at neutral pH but not that at acidic pH. Our results provide a basis for the design of improved lipase at acidic pH and identify for the first time key residues associated with chain-length specificity.
Introduction
Dietary fats have an important impact on health and so, on disease. Pancreatic lipase has a pivotal role in the intestinal fat digestion. In vivo, the accumulation of biliary lipids on the lipid droplets prevents lipase from binding to its substrate (Borgstrom, 1975) . This problem is circumvented by colipase, a small pancreatic protein that helps in the binding of productive lipase to the surfactant-coated oil droplets (Chapus et al., 1975; Vandermeers et al., 1975) , probably by excluding biliary lipids and creating patches of substrate (Momsen et al., 1997; Colin et al., 2008) . Structural studies have shown that lipases possess a two domain organization, the N-terminal domain bearing the catalytic triad (S153, D176 and H263) and the C-terminal domain devoted to colipase-binding site (Winkler et al., 1990) . One specific feature of lipase is the shielding of its catalytic site by a surface loop (lid) controlling the access of the substrate. Movement of the lid is an absolute requirement for the lipase to adopt an active conformation (Egloff et al., 1995; Hermoso et al., 1996) . Direct evidence for the function of the catalytic residues or of the lid and for the involvement of residues in colipase binding was provided by site-directed mutagenesis (Jennens and Lowe, 1994; Ayvazian et al., 1998; Bezzine et al., 1999; Thomas et al., 2005; Freie et al., 2006) .
Lipase is fully active only on water insoluble substrates and thus must associate with lipid/water interfaces. This adsorption process has to come with restructuring of the enzyme and opening of the lid (Winkler et al., 1990; Egloff et al., 1995; Hermoso et al., 1996) , a phenomenon called activation. The factors triggering this activation are still a matter of discussion. The enzymatic mechanism of lipase is similar to that of serine hydrolases and centered on the active site Serine. In vitro, pancreatic lipase exhibits the maximum activity at pH 7.5-8.5 (Borgstrom et al., 1957) , whereas in vivo, it has been reported that bile salts shift the pH optimum to slightly acid values ( pH 6.5) that actually prevail in the upper intestine (Borgstrom, 1954) . In cystic fibrosis, pancreatic lipase is faced to a low intestinal pH (3.5 -5.5; Barraclough and Taylor, 1996) that greatly impairs its activity (less than 1%) and shortens its luminal survival. Supplementation with appropriate doses of pancreatic enzymes is usually administered to improve the nutritional status of cystic fibrosis patients by reducing fat malabsorption. However, in many cases, the current pancreatic enzyme replacement therapy is not sufficient to fully counteract the negative effect of acidic pH on lipase activity and thus does not fully normalize lipid digestion.
In a previous study, the feasibility of altering the pH optimum of pancreatic lipase to improve its performances in the intestinal conditions of cystic fibrosis was investigated by site-directed mutagenesis (Colin et al., 2008) . On the basis of the observation by Neves-Petersen et al. (2001a,b ) that a negative potential in the catalytic pocket contributes to the pH optimum of the lipases, lipase variants were constructed to increase the acid-basic residues ratio in the vicinity of the catalytic serine (Colin et al., 2008) . Actually, introducing a negative charge in the catalytic cavity had opposite effects on pH optimum depending on its location, emphasizing the difficulty of predicting important residues or interactions.
Given the subtle structure -function relationships and the difficulty of predicting important residues or interactions, interest in directed molecular evolution to improve protein performances has grown tremendously in the past years. In the lipase field, a tremendous work is done to alter the biochemical properties [(thermo)stability (Suen et al., 2004; Di Lorenzo et al., 2007; Ahmad et al., 2008; Gatti-Lafranconi et al., 2008) , substrate (Kauffmann and Schmidt-Dannert, 2001; Fujii et al., 2005) or chain-length (Gaskin et al., 2001 ) specificity and enantioselectivity (Liebeton et al., 2000; Reetz and Carballeira, 2007; Boersma et al., 2008) ] of microbial lipases, but up to now, none deals with the pancreatic lipase/colipase system likely because of its complexity.
The aim of the present study was to study the feasibility of creating, by directed molecular evolution, lipase variants that display a lipolytic activity at acidic pH higher than that of the native enzyme to improve the efficiency of the pancreatic enzyme replacement therapy in cystic fibrosis.
Materials and methods

Materials
Escherichia coli JM109 strain was used for standard DNA manipulations and E.coli E.cloni w 10G cells from Lucigen Corporation (USA) were used for the construction of the library. The Pichia pastoris yeast strain GS115, Zeocin and SelectAgar were from Invitrogen (San Diego, CA, USA). The expression vector pBGP1 was a generous gift from Charles Lee (USA; Lee et al., 2005) . Enzymes for DNA manipulation were from Fermentas. Antibiotics were from Dutscher. Tributyrin, trioctanoin and sodium taurodeoxycholate (NaTDC) were from Sigma. Mouse anti-human pancreatic lipase (HuPL) monoclonal antibody, ab30746, was from Abcam, UK.
Media
Substrate emulsions were prepared as following: trioctanoin (TC8, 10% v/v) or olive oil (12% v/v) in sterile water was emulsified with 1% gum arabic (w/v) by Ultraturrax. The GS115 strain was grown in YPD medium [1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose] for liquid culture and in YPD containing 0.1 M phosphate pH 7.0 (YPDP) for lipase production. The yeast solid culture media used in these studies are YPDS [YPD containing 1 M sorbitol and 2% (w/v) agar] and TC8-YPDP [YPDP containing 1% emulsified TC8 and 2% (w/v) agar]. Zeocin (100 mg/ml) was added in all media containing YPD. The TC8-agar plates were made by mixing emulsified TC8 with Select Agar (20 g/l) and either 0.1 M sodium citrate pH 5.0 or 0.1 M phosphate pH 7.0 buffer.
Constitutive expression in P.pastoris and purification of HuPL
A BstBI/EcoRI fragment from the recombinant pPIC9K-HuPL plasmid (Colin et al., 2008) was subcloned, downstream the constitutive GAP promoter, in the BstB1/EcoRI sites of the pBGP1vector in order to remove the a-factor sequence. The recombinant plasmid, pBGP1-HuPL, was purified using the Wizard plasmid purification protocol (Promega), and the construction was ascertained by DNA sequencing (Genome Express, Grenoble, France). Transformation of P.pastoris GS115 strain, with 300 ng of pBGP1-HuPL plasmid, was performed by electroporation using a Bio-Rad micropulser (1.7 kV, 5 ms). The cells were plated on the YPDS medium and grown at 308C for 2 -3 days. For lipase production, one clone was pre-grown 24 h at 308C in the YPD medium and then grown in the YPDP medium for 2-3 days at 308C. The time-course secretion of HuPL was followed by SDS -PAGE analysis and activity measurements. The supernatant (500 ml) containing the recombinant protein was dialyzed overnight at 48C against 20 mM sodium acetate buffer pH 5.0 containing 50 mM NaCl. The dialyzed supernatant was applied to two columns connected in series, DEAE-cellulose and a SP-sepharose, equilibrated in the above buffer. The lipase was eluted with a linear NaCl concentration gradient (50 -450 mM). Purification of lipases was followed by activity measurements, SDS -PAGE and western blotting. Concentration of the fractions containing lipase and buffer exchange (10 mM Tris -HCl pH 7.5) were performed on Vivaspin centrifugal concentrators (cutoff ¼ 300 000). All buffers contained 1 mM benzamidine. The protein concentrations were determined by UV spectrophotometry at 280 nm using the extinction coefficient of porcine lipase (E1% ¼ 1.33; Desnuelle, 1972) .
Error-prone PCR
The conditions for PCR random mutagenesis were optimized to generate an error frequency of approximately three mutations in the HuPL coding sequence including the signal peptide. The PCR reaction contained 10 ng template pBGP1-HuPL, 1Â thermo Pol buffer, 0.2 mM of each dNTP, 10 pmol of each primer, 50 or 100 mM MnCl 2 , 5 U of Taq DNA polymerase (Biolabs) in a total volume of 50 ml. The PCR primers, 5 0 -CAACTATTTCGAAACGATGCTGCCACT TTGG-3 0 and 5 0 -GGAATTCTTAACACGGTGTGAGGGTGA GCAG-3 0 , were designed to contain BstBI and EcoRI restriction sites, respectively (in italic). After an initial denaturation of 3 min at 958C, the following steps were repeated for 30 cycles: 1 min at 958C, 1 min at 508C and 1.5 min at 728C followed by a final extension of 8 min at 728C. After gelpurification, the PCR fragments were digested by BstBI and EcoRI before ligation into pBGP1 plasmid digested by the same enzymes. Ligation mixtures were transformed into E.cloni w 10G cells by electroporation, and the cells were grown in the LB medium (5 ml) containing 100 mg/ml ampicillin. The plasmid DNA was extracted from the cells using the Wizard SV minipreps kit (Promega) to generate a plasmid library of mutated lipases.
Screening for lipase activity at acidic pH 5
The P.pastoris GS115 strain was transformed by electroporation with the plasmid library and spread onto 14.5 cm diameter YPDS plates. After 72 h, yeast colonies were transferred using paper filters (VWR Grade 410), colonies facing down, onto TC8-YPDP plates. Plates were incubated at 308C for 24 h or until clear haloes surrounding individual colonies appeared, indicative of lipase activity. The positive clones were inoculated in individual wells of 96-well microplate containing 150 ml YPD medium for storage as master plates or 150 ml YPDP liquid medium for production. A clone encoding native lipase was introduced in each microplate for control. After 72 h of growth at 308C, cells were harvested by spinning the plates at 1200 rpm for 5 min at 258C. The lipase activity was assayed at pH 5.0 by spotting 5 ml of each crude supernatant onto pH 5 buffered TC8-agar plates and the plates were incubated at 378C overnight.
Production and purification of the mutant lipases were performed as described above. The plasmid DNA of the positive clones was isolated according to Clontech protocol for DNA sequencing (Genome Express).
Construction of the double mutant
The K80E mutation was introduced in the pBGP1-16G5 plasmid by the PCR overlap extension technique (Erlich, 1992) as described by Colin et al. (2008) . The presence of the desired mutation was ascertained by DNA sequencing (Genome Express). Production and purification of the double mutant were performed as described above.
Activity measurements
Lipase activities were potentiometrically determined at 258C on three substrates [0.11 M tributyrin (TC4), 0.11 M trioctanoin (TC8) or 5% olive oil] in 1 mM Tris -HCl buffer ( pH 7.5 or pH 8.5) containing 0.1 M NaCl and 5 mM CaCl 2 in the presence of different concentrations of NaTDC (0 -4 mM). When required, a 5-fold molar excess of colipase was added. The lipase activities were also determined by titrimetry at pH 5 on TC8 in the presence of both 4 mM NaTDC and a 5-fold molar excess of colipase. One unit of lipase activity corresponds to the release of 1 mmol of fatty acid per minute. Kinetics parameters (k cat and K m(app) ) were determined as described above using increasing TC4 or TC8 concentrations (1-220 mM) in the presence of 4 mM NaTDC and a 5-fold molar excess of colipase. Apparent colipase affinity was determined in the presence of 4 mM NaTDC using increasing colipase concentrations and tributyrin as substrate. One unit corresponds to 1 mmol of fatty acid released per minute.
Activity measurement at pH 5
The lipolysis was performed in glass tubes containing 20 mM sodium acetate, pH 5, 100 mM NaCl, 5 mM CaCl 2 , 4 mM NaTDC and 20 mM of trioctanoin emulsion in a final volume of 1.5 ml. After addition of lipase (2 mg) and a 5-fold molar excess of colipase, the mixtures were incubated 1 h at 258C under shaking (300 rpm). The reaction was stopped with 0.1 N HCl and the fatty acids were extracted once with two volumes of hexane. After centrifugation (10 min, 500 g, 208C), the concentrations of released fatty acids were determined by using a commercial kit NEFA Randox (Crumlin, UK). One unit corresponds to 1 mmol of fatty acid released per minute.
Interfacial binding of lipases at pH 5 on emulsified trioctanoin
The interfacial binding of HuPL was assayed as previously described by Borgstrom (1975) , with slight modifications. Briefly, emulsification of trioctanoin (0.1 M) was realized in a pH-stat vial in 1 mM sodium acetate buffer, pH 5, 0.1 M NaCl and 5 mM CaCl 2 with 4 mM NaTDC and in the presence or the absence of a 5-fold molar excess of colipase. The emulsion was continually stirred for stabilization and pH monitoring. After 5 min, lipase (200 ng) was added and after 2-min incubation, the mixture was centrifuged at low speed (1200 g) for 10 min to separate the oil phase from the water phase. The residual amount of lipase in the water phase was determined by ELISA.
Determination of HuPL concentration by sandwich ELISA
A sandwich ELISA was performed to measure the amount of HuPL remaining in the aqueous phase during the interfacial binding experiments at pH 5.0. Mouse anti-HuPL monoclonal antibodies (ab30746 from Abcam, UK) and rabbit anti-HuPL polyclonal antibodies were used as capture and detection antibodies, respectively. A peroxidase conjugated goat anti-rabbit IgG (Pierce Biotechnology) was used as secondary antibody. A standard protocol was followed, except that PBS (10 mM Na 2 HPO 4 /KH 2 PO 4 and 150 mM NaCl, pH 7.4) was used as coating buffer. The native or mutant lipases were used as standards and OPD (o-phenylenediamine dihydrochloride) as horseradish peroxidase substrate.
Docking and structural analysis of HuPL
Models of mutant lipases were built on the basis of the crystal structure of the HuPL (PDB-code: 1LPA). Amino acid changes were introduced using the coot program (Emsley and Cowtan, 2004 ) running on a Silicon Graphics workstation. Side-chain rotamers were chosen from a database of more common conformers (Ponder and Richards, 1987) . Models were energy minimized using the minimizer algorithm implemented in the CNS package (Brunger et al., 1998) . Molecular docking of phosphatidylcholine compound into the HuPL or HuPL-16G5/K80E models was carried out using the genetic algorithm genetic optimization for ligand docking (GOLD) (Verdonk et al., 2003) . This method allows a partial flexibility of protein and full flexibility of ligand. The standard default settings were used in all calculations (number of docking: 10) but early termination was allowed when the top three solutions are within 1.5 Å RMSD from each other.
Results
Generation of lipase variants
A population of lipase variants was generated by error-prone PCR using two concentrations of MnCl 2 (50 and 100 mM). The two PCR mixtures of both reactions were combined, ligated in the expression vector pBGP1 under the control of GAP promoter and used to transform E.cloni cells. A total of 10 4 E.coli transformants were obtained. Plasmid DNA was isolated from these clones and constituted a library of mutated lipases. The diversity of the DNAs was evaluated by sequence analysis of randomly selected clones. The results showed that mutations were introduced uniformly over the entire gene with a mutational frequency of one to four substitutions for 1000 bp.
The plasmid library was then used to transform P.pastoris GS115 by electroporation for expression. Pichia pastoris is a convenient host since it does not have any endogenous lipolytic activity of its own. Since a direct screening by plating the transformation on TC8-YPD plates containing 0.1 M sodium acetate buffer pH 5 turned out to be inefficient, a two-step procedure was setup. In a first step, a preliminary screening was performed to score the colonies secreting an active lipase at neutral pH. In this respect, the transformation was first spread onto YPDS plates. A total of 2.8 Â 10 transformed colonies were obtained and subsequently transferred onto TC8-YPDP plates. Buffering the YPD medium with 0.1 M phosphate pH 7.0 was necessary for optimizing the lipase production rate since the pH of the extra cellular medium decreased with time as yeast grows. Approximately 2 Â 10 3 colonies secreting an active lipase were evidenced by a clearing zone surrounding the colonies. In a second step, the lipase-producing yeast cells were screened for activity at acidic pH. In a first stage, triglyceride agar plate assay that can differentiate between native like and improved variants had to be developed. In this respect, known amount of crude HuPL supernatant was spotted onto tributyrin, trioctanoin or olive oil agar plates containing either 0.1 M phosphate buffer pH 7 or 0.1 M sodium acetate pH 5. Wild-type lipase formed a halo on both pH 7 and pH 5 buffered agar plates containing tributyrin thus indicating that TC4 was not suitable for screening variants active at acidic pH. No halo was observed on agar plates containing olive oil even on pH 7 buffered plates. In contrast, wild-type lipase formed a halo on pH 7 buffered agar plates containing TC8 but no clearing zone was observed on pH 5 buffered TC8-agar plates.
The lipase secreting clones were thus grown in 96-well microplates containing the YPDP medium for lipase production. Then, the library was screened for improved variants by spotting each supernatant onto pH 5 buffered TC8-agar plates. Among the 2 Â 10 3 positive clones, two clones, named 1G10 and 16G5, produced halos at pH 5. The supernatants were also analyzed by western blot to ensure that the halos were not caused by different expression levels of the mutant lipases (data not shown). Sequence analysis revealed that the two clones were identical, with two amino acid substitutions; the first one (E179G) is located in the N-terminal domain and the second one (N406S) in the C-terminal domain (Fig. 1A) . The finding of two identical variants was not really surprising because the number of yeast colonies screened (2.8 Â 10 4 ) corresponds to $3 times the recombinant library (10 4 clones). The improved clone 16G5 was subsequently used as template for site-directed mutagenesis to construct a triple mutant (16G5/K80E) bearing the following mutations: E179G, N406S and K80E. The later mutation has been previously shown to broaden the HuPL pH activity profile and to slightly enhance its activity on short-chain triglycerides at pH 5.5 (Colin et al., 2008) . The lipolytic activity of HuPL, K80E, 16G5 and 16G5/K80E was screened on both pH 5 and pH 7 buffered TC8-agar plates. All of them rapidly formed a clear halo at pH 7 but only two of them (16G5 and 16G5/K80E) formed a clear halo at pH 5. The wild-type lipase and the three variants were then produced in P.pastoris and purified to homogeneity as described in the 'Materials and Methods' section. Secretion of proteins supports that all variants are properly processed and not misfolded.
Functional properties of the mutant lipases at neutral pH
The effect of colipase and NaTDC on the activity of HuPL mutants was investigated using tributyrin as substrate in the presence or the absence of a 5-fold molar excess of colipase (Fig. 2) . In all cases, in the absence of both colipase and bile salt, the kinetics were non-linear leading to inaccurate measurements of initial velocities (no 'zero' points in Fig. 2 ). This is a well-known phenomenon due to an interfacial denaturation of the enzymes (Vandermeers et al., 1975) . As HuPL, all three mutants were inhibited by increasing amount of NaTDC and reactivated by addition of colipase (Fig. 2) . However, the specific activities of HuPL-16G5/K80E and HuPL-16G5 were $2-fold lower than that of the native enzyme at 4 mM NaTDC. To determine if this decreased activity results from a decreased colipase/ lipase affinity, the colipase ability to reactivate mutant lipases was determined at 4 mM NaTDC, a concentration for which the presence of colipase is an absolute requirement. The experimental points measuring lipase activity over a range of colipase concentrations were fitted to hyperbolic curves corresponding to a 1:1 stoichiometry between lipase and colipase. The apparent dissociation constant (K Dapp ) and V max were extrapolated from the curves as described previously (Ramos et al., 2003) . As shown in Table I , K Dapp values showed a 6-and 2-fold decrease for HuPL-16G5 and HuPL-16G5/K80E variants, respectively. As previously reported (Colin et al., 2008) , HuPL-K80E displayed a specific activity similar to that of the native lipase despite a higher apparent affinity for colipase. The specific activities of the native and mutant lipases were then assayed against various triglycerides containing different acyl chain lengths in the presence of 4 mM NaTDC and colipase (Fig. 3) . As expected, the wild-type lipase was more active toward short-and medium-acyl chain triglycerides than toward long-acyl chain substrates. The TC8/TC4 activity ratio for the native lipase was 0.93, whereas the olive oil/TC4 ratio was 0.26. The variant HuPL-K80E showed hydrolysis ratios similar to those of HuPL (0.96; 0.31). In contrast, HuPL-16G5 and HuPL-16G5/K80E variants were found to be about two times more active on medium-chain when compared with short-chain triglycerides with a TC8/ TC4 ratio of 1.63. Actually, all variant lipases had relatively preserved activity on both TC8 and olive oil, with 70 -97% of HuPL activity.
To better understand this change in chain-length specificity, all lipases were subjected to steady-state kinetic analysis on short-chain (TC4) and medium-chain (TC8) substrates in the presence of both colipase and NaTDC micelles. The experimental data were fitted to a hyperbolic plot and the kinetic parameters were determined (Table II) . In complex Directed evolution of human pancreatic lipase interfacial lipolytic kinetics, these parameters, k cat and K m , should be considered as apparent values of K m and k cat since they take into account all steps of the heterogeneous catalysis (lipase activation, adsorption, binding of substrate, catalysis, desorption of product).
As expected from the above data, the kinetic parameters of HuPL-K80E determined on both substrates were similar to those of HuPL. The E179G and N406S substitutions had no real influence on substrate binding but lowered the catalyticcenter activity (k cat ) of HuPL-16G5 on TC4 by a factor 2. Introduction of the K80E substitution in HuPL-16G5 led to an 18% decrease in the lipase catalytic-center activity on both short-and medium-chain substrates when compared with HuPL-16G5.
Effect of the mutations on the lipase activity at pH 5
First, the stability of the lipase variants at pH 5 was investigated. The proteins were incubated for 1 h in the presence of colipase, 4 mM NaTDC and TC8 emulsion and their residual activity at pH 7.5 was measured at various time points. In all cases, a 50-60% decrease in activity is observed during the first 15 min, but then the activity remained relatively stable through the period of incubation (data not shown).
The global activity of the lipase variants at pH 5 was determined using a colorimetric end-point method (NEFA Randox kit) to qualitatively compare their activity on medium-chain (TC8) and long-chain (olive oil) substrate in the same experimental conditions. The activities were measured in the presence of both colipase and 4 mM NaTDC. After 1 h of hydrolysis, the released fatty acids were extracted and quantified. The amount of fatty acids released by HuPL in these conditions was very low when compared with that released at neutral pH but was still easily detectable by the colorimetric assay. From this experiment, the specific activity of HuPL at pH 5 was found to be 20 U/mg on TC8 and 15 U/mg on olive oil.
As shown in Fig. 4 , the activities of HuPL-16G5 and HuPL-16G5/K80E were increased by $50% on TC8 emulsion and 20% on olive oil emulsion, whereas those of HuPL-K80E were only slightly modified. These results support the presence of halos on pH 5 buffered TC8-agar plates with the 16G5 and 16G5/K80E supernatants.
Partitioning of lipase mutants in TC8 at pH 5
To explain the enhanced activity of HuPL-16G5 and HuPL-16G5/K80E at pH 5, the interfacial binding of the four lipases was studied using emulsified TC8 as substrate, known amounts of lipase and 4 mM NaTDC in the presence or absence of colipase. After a lipid/water phase separation, the amount of lipase remaining in the water phase was determined by immunoassay (ELISA). As shown in Table III , in the absence of colipase, HuPL bound to the bile salt-coated lipid interface at rather high rate ($80%), a percentage significantly higher than that determined at pH 7.5 ($less than 5%) (data not shown). This high binding was however not correlated with a lipolytic activity. A marginal increase in adsorption was observed on addition of colipase. The interfacial binding of the three mutants in the absence of colipase was similar to that of wild-type lipase, although HuPL-K80E The rate of hydrolysis (V max ) was measured using a saturating concentration of emulsified tributyrin in the presence of 4 mM NaTDC and various amount of colipase. The values were determined by plotting V max versus colipase concentration. The values are average + SD of three determinations. The rate of hydrolysis was measured using various concentrations of substrates in the presence of a 5-fold molar excess of colipase and 4 mM NaTDC.
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and HuPL-16G5/K80E bound to a lesser extend ($65%) to the bile salt-coated lipid interface. In the presence of colipase, all lipases partitioned with trioctanoin to the same extend as did wild-type lipase (85 -90%), the differences being not significant.
Docking of phosphatidylcholine molecule into lipase variants models
First, 3D models of the lipase variants were generated based on the X-ray structure of HuPL in an open conformation (PDB ID: 1LPA) and subjected to energy minimization for structural refinement. No substantial change was observed in the overall conformation of the three variants or in the catalytic cavity structure when the mutant models were superimposed with that of HuPL. On the basis of these observations, docking experiments were performed using the HuPL and HuPL-16G5/K80E 3D models to compare the binding mode of phosphatidylcholine molecule into both proteins. None of the top 10 solutions predicted by the docking algorithm GOLD for the HuPL-binding mode accurately reproduced the crystallographic ligand/ protein complex. This could be explained by the high conformational flexibility of the ligand (29 free dihedral angles) and by the high solvent exposure of the HuPL-binding site in open conformation. Consequently, two distance constraints were introduced to force hydrogen bonds between the keto groups of the phosphatidylcholine and the amine a-group of F77 and the amine b-group of R256 as observed in the crystal structure of the HuPL (PDB ID: 1LPA).
As shown in Fig. 1C , the binding mode of phosphatidylcholine into HuPL-16G5/K80E model was similar to that into HuPL model in open conformation but somewhat different from the binding observed in the HuPL 3D structure.
Discussion
Cystic fibrosis is associated with pancreatic lipase insufficiency which is overcome by enzyme replacement therapy. However, this treatment is unable to fully normalize lipid digestion due to the particularly acid duodenal conditions that are detrimental to the pancreatic lipase action. Indeed, the wild-type lipase is known to have a very weak activity at pH below 5.5 (less than 5%). Several hypotheses can be raised to explain this low activity. First of all, the protonation state of the active site may not be appropriate, disturbing the electrostatic interactions essential for catalysis (Neves-Petersen et al., 2001a,b) . The environmental pH may also influence the lid dynamics since key residues are involved in electrostatic interactions stabilizing the open conformation (Bezzine et al., 1999; Brzozowski et al., 2000; James et al., 2003) . In an acidic environment, the lid moved toward a close conformation while a neutral environment was more favorable to an open conformation. Changes in stability, lipase/colipase affinity and/or substrate affinity may also occur. Comparative structural investigations on pancreatic and gastric lipases did not highlight specific features in the catalytic cavity that could explain the activity of gastric lipase at acidic pH. The organization of both catalytic triads was similar, and no extra charged residue was observed in the vicinity of the catalytic serine (Chahinian et al., 2006) . Therefore, improving the pancreatic lipase performances at low pH may require modifying several features in the mean time. The best suited approach to address this question was directed evolution since it should span the entire sequence space. The sequence diversity was introduced in the HuPL cDNA by error-prone PCR under conditions that have been described as optimal for the improvement of specific properties (Arnold and Moore, 1997) , i.e. to say a relatively moderate mutational rate. The library yielded 10 4 recombinant clones. We developed a functional screen based on plate assays reported in the literature for lipase-producing microbial strains screening to fulfill the constraints of both the heterologous P.pastoris expression system and the complex lipase/colipase system. Indeed, the major limitation of our expression system was that although the yeast cells were able to grow at pH below 6, the production rate of The experiments were performed in the presence or absence of a 5-fold molar excess colipase. After separation of the oil phase by centrifugation, the amount of lipase remaining in the water phase was determined by ELISA. The results are given as the percentage of lipase remaining in the water phase. The values are the average + SD of three determinations. recombinant lipase was too low to allow detection of lipase activity by direct plate assay. This meant that a production step at neutral pH was an absolute requirement before screening clones exhibiting a lipase activity at acidic pH. After a single round of random mutagenesis, the screening on trioctanoin agar plates at pH 5 identified two clones (16G5 and 1G10) that exhibited improved relative activity among the 2100 lipase secreting colonies screened, both containing two substitutions (E179G and N406S).
Since the effect of mutations is often cumulative, we combined the E179G and N406S substitutions with one, K80E, that slightly enhanced lipase activity at pH 5.5 on short-chain substrate and broadened its pH-activity profile (Colin et al., 2008) .
The secretion and the large production level of all the mutants provided evidence that the E179G and N406S substitutions combined or not with K80E do not alter the overall conformation of HuPL. To assess the full impact of substitutions on their behavior towards bile salts, colipase and substrate, the properties of the three mutant lipases (K80E, 16G5 and 16G5/K80E) were first investigated at neutral pH. In all cases, the mutations, although remote from the two colipase-binding sites, affect the apparent affinity of substituted lipases for colipase, with an apparent affinity 2 -8-fold higher than that of wild-type lipase. This result could be explained by an indirect effect of the substitutions on stabilization of the open-lid conformation. As well, all mutants retained the property to be reactivated by colipase in the presence of bile salt micelles. Although the activity toward medium-and long-chain triglycerides remained more or less unaltered, the E179G and N406S substitutions and their combination with K80E induced a significant decrease in the lipase activity on short-chain triglycerides ($2 -3-fold).
Kinetic analysis reveals that the HuPL-16G5 variant displayed a two times lower catalytic efficiency (k cat /K m(app) ) only on TC4 due to a lower turnover number (k cat ). Interestingly, the two mutations did not affect the catalytic properties of HuPL-16G5 on medium-chain triglycerides.
The HuPL-16G5/K80E variant showed a significantly lower catalytic efficiency on both short-and medium-chain substrates that results, in each case, from an increase in K m(app) and a decrease in the apparent k cat value. This means that the presence of the three mutations altered both the apparent lipase/substrate affinity and the turnover number.
It is also interesting to note that whereas HuPL and HuPL-K80E displayed similar catalytic efficiency on both TC4 and TC8, 16G5 and 16G5/K80E are 2 -3 times more efficient on TC8 than on TC4 indicating a change in the chain-length specificity.
The impact of the mutations on the lipase activity at pH 5 was then investigated. First of all, the activity of human lipase on medium-and long-chain substrates was very low (20 and 15 U/mg) representing only 0.4% and 1% of that determined at neutral pH on TC8 and olive oil, respectively. The HuPL-K80E variant, which was promising at pH 5.5 on TC4 (Colin et al., 2008) , displayed an activity similar to that of HuPL at pH 5, on both medium-and long-chain substrates. In contrast, the E179G and/or N406S mutations increased by 50% and 20% the lipase activity on mediumand long-chain substrates, respectively, when compared with HuPL and HuPL-K80E. No cumulative effect was observed when the K80E mutation was introduced in HuPL-16G5.
The very low activity of pancreatic lipase at acidic pH can only be partly explained by pH induced conformational changes since HuPL retained $50% of its activity after 1 h incubation at pH 5 in the presence of all the lipolysis partners (colipase, bile salt micelles and emulsified substrate). The partitioning experiments showed that it cannot be either explained by a low interfacial binding. This led us to a conclusion different from that of Chahinian et al. (2006) who recently stated that adsorption is the pH-dependent limiting step in the catalytic process by lipases. These authors showed that the optimum activity of gastric lipase at acidic pH is only apparent and results from a higher binding at low pH than at neutral pH rather than from a different catalytic mechanism.
In the case of pancreatic lipase, one can propose that the very low activity observed at acidic pH rather results from an unproductive binding due to either an improper orientation at the interface, a low catalytic-center activity or a disrupted colipase binding. Unfortunately, due to the very low activity of all lipases at acidic pH, the kinetic parameters, K m and k cat , as well as K Dapp could not be reliably determined.
It is worth mentioning that, unlike what is observed at neutral pH, all lipases displayed similar activities on both TC8 and olive oil, suggesting that the chain length may have less influence on catalysis at acidic pH than at neutral pH.
The substitutions E179G and N406S concern residues highly conserved among all pancreatic lipases and involved in key regions of lipase. The first residue, E179, is located in the hydrophobic groove formed by Y114, F215, P180 and L213 opposite the catalytic histidine that likely accommodates the sn-1 acyl chain of the triglyceride (Egloff et al., 1995) . However, it participates to the hydrophobic groove by its main chain; the side chain being solvent exposed (Fig. 1B) . In the open conformation of HuPL, E179 stabilized the b9 loop through short contacts between its carboxylate oxygen and the a-chains of the loop. Beside polarity and ionic properties, the mutation E179G had changed a rather bulky amino acid to the amino acid with the highest degree of conformational flexibility. The release of some conformational constraints in the catalytic pocket by the extra flexibility of glycine may explain the lower activity of both HuPL-16G5 and HuPL-16G5/K80E on short-chain substrates. Moreover, since the negatively charged side chain of E179 is in the vicinity of the catalytic residues (,10 Å ), its removing may have indirect consequences on the active site electrostatic potential.
The N406 residue is a surface residue located between two segments of the b5 0 loop (Fig. 1C ) that have been shown to be in contact with a micelle in the crystal structure of the porcine lipase/colipase complex (Hermoso et al., 1997) and to mediate the lipase/colipase interaction in the presence of bile salt micelles (Freie et al., 2006) . The N406S mutation introduced an amino acid displaying similar properties ( polarity and hydrophobicity) but much less bulky. In this respect, this mutation is less likely to cause detrimental effect. The impact of individual mutation will be elucidated by constructing single mutants. These results clearly point to a modulation of substrate specificity by E179 and/or N406. Despite the introduction of distance constraints, none of the docking solutions for the phosphatidylcholine binding mode into the HuPL model accurately fit the crystallographic data (PDB code: 1LPA). Thus, the docking experiments were not conclusive and did not provide further explanation concerning the contribution of the mutations to the new properties of mutants.
In conclusion, directed molecular evolution approach combined to a sensitive screening strategy was developed for improving pancreatic lipase activity at acidic pH in order to increase the efficiency of the pancreatic enzyme replacement therapy in cystic fibrosis. A single round of random mutagenesis was successful in identifying lipase variant with %1.5-fold increased activity at low pH. Moreover, this study identifies, for the first time, residues that contribute to the substrate preference of pancreatic lipase for medium-and long-chain triglycerides.
